In a combustion engine, the valve system controls the flow of gases in to and out of the combustion chamber. The contacting surfaces experience a harsh tribological situation with high temperatures, high speed impacts, corrosive environment and high closing forces causing micro sliding in the interface. The components have to endure in the range of hundreds of millions to a billion operational cycles, resulting in extreme demands on low wear rate. Such low wear rates can be accomplished by the protective action from tribofilms forming from oil residues, avoiding a pure metal-tometal contact. Such tribofilms are found on well-functioning engine valves from a variety of engines, but some stationary gas engines experience problems with wear occurring seemingly randomly at normal running conditions. For some reason, the tribofilm has not protected the surfaces sufficiently, causing wear. One way to combat the random behaviour could be to promote robust function of the protective tribofilms by texturing the valve sealing surfaces to improve the capture and storage of oil residues. By stabilising the supply in this way, the damage from periods with low access to tribofilm forming material could be reduced. The present work demonstrates that turning of the valve seat inserts, creating valleys perpendicular to the sliding motion, can be developed into a useful solution. The amount and localisation of tribofilms became more predictable and stable than without the texture, leading to reduced component wear. The valleys should not be too wide, since this increased the amount of exposed metal if the tribofilm flaked off. When having the same width, the deeper valleys showed less flaking off of the tribofilm.
Introduction
The engine valves of modern internal combustion engines face a very tough and quite unique challenge. They have to endure hundreds of millions closing cycles, at very high temperatures and very high closing pressures, with a maximum wear loss corresponding to less than one atomic layer in several hundreds of cycles, and all this without the luxury of being intentionally lubricated.
Simplified rig testing of valve materials, employing relevant pressures, temperatures and without addition of lubricants, indicates far higher wear rates than those found in real engines. When running dry tests in the presently employed test rig, we found that the contacting surfaces of actual engine valves were ruined within a few thousand cycles, 1 rather than enduring the hundreds of millions required in the engine.
This extreme discrepancy between simplified testing and performance of modern engines is explained by the protective effect of tribofilms forming on real engine valves. 2 Although not intentionally lubricated, lubricant residues can reach the sealing surfaces, either carried by the passing exhaust gasses or leaking down the valve stem. These residues form and replenish tribofilms that separate the valve surfaces from direct contact.
The decisive effect of the tribofilms moves the focus from materials selection to optimising for tribofilm formation, when designing for extended wear life. The present paper sets out to contribute by investigating the potential of texturing the sealing valve surfaces, as a means to improve the conditions for robust tribofilm protection.
The valve system controls the flow of gases in to and out of the combustion chamber of internal combustion engines. In four-stroke engines, the intake valve opens to let air flow in to the chamber and then closes to seal the chamber while the combustion takes place after which the exhaust valve first opens to let the combustion residues flow out and then closes. It is this cycle that is repeated for hundreds of millions of times during the lifetime of the engine. The dominant cause of wear is thought to differ depending on the size and speed of the engine. For smaller, faster engines, such as car engines, the high-speed impact is believed to be dominant. For larger, slower engines, such as used in heavy duty trucks, generator sets and ships, the micro sliding in the sealing interface is more likely to be dominant. 3 This sliding is caused by that the high pressure induced by the combustion slightly deforms (bends) the closed valve head.
The present work is focused on the valves and valve seat inserts (VSIs) of such larger, slower engines. The amount of micro sliding in the sealing interface depends on the size of the components, the contact design and combustion pressure, but can typically be about 10 mm. 4 The mating surfaces are normally metals, chosen for high hot hardness and resistance to creep and corrosion. On the valve side, welded hard facings with hard precipitates in a softer austenitic matrix are commonly used (e.g. Cr/W/Mo/V carbides in Co/Ni/Fe), 5 while iron-based metals are more common on the VSI. 6 The wear of the contacting surfaces can vary from localised, large-scale wear, like guttering and torching, to more evenly distributed, small-scale wear, causing recession of the valve up into the VSI. 7 If local, largescale wear occurs, the effects can be catastrophic, involving hot gas leakage from the cylinder or even a complete stop of the engine. But also the evenly distributed, small-scale wear can with time become unacceptable. The resulting recession of the valve will impede the flow of gases as it impairs the shape of the flow channels when the valve opens. Further, it will increase the combustion volume since the valve head must move further up towards the VSI to close. These two effects together reduce the power output, and thus fuel economy, of the engine. Kent and Finnigan 8 measured that recessions of 1 and 2 mm reduced the power output by 3 and 10%, respectively. Such recessions are not uncommon to observe on field samples.
The acceptable recession depth varies between engine types and running conditions. For heavy duty trucks, the valves are normally not exchanged during the lifetime of the engine and the allowed recession is typically 1.5 mm. Since the expected lifetime of the truck can be 1.6 million km (and the demands are escalating), the number of operational cycles can reach billions for each valve. 9 For stationary engines it is easier to measure the recession and, if needed, replace the worn components. However, longer service life is still desirable, at least reaching the range of tens of thousands of hours, meaning hundreds of millions operational cycles. 7 Pure metal-to-metal contact is not capable of surviving the harsh conditions of the valves for such enormous numbers of operational cycles. As mentioned, the wear ruins the valves in very few cycles, as has been shown in a previous study. 1 In a valve seat simulation test, Wang et al. 10 found that wear increased with load but decreased with temperature, acknowledging this decrease to accelerated formation of oxide films that prevented direct metal-to-metal contact. Chun et al. 11 suggested that the metal surfaces, combustion products and air form a tribochemical reaction product layer preventing wear. The strong effect of the chemical components of the operational conditions also became clearly demonstrated by the wear problems arising when lead was banned from fuels. 12 In previous work focusing on heavy duty truck engines, it was shown that the wear protection is strongly coupled to the presence of engine oil additives. [1] [2] 13 Without oil residues in the gas flowing through the valve of a valve simulating test rig, severe wear occurred almost instantly. With the addition of evaporated additive-free oil to the hot gas flow, a wear particle-based tribofilm was formed on the valve surfaces. This tribofilm reduced the wear but could not prevent it. With the addition of about 1 ppm evaporated fully formulated oil to the gas flow, an oil residue particle-based tribofilm formed, consisting mainly of elements from the additives. 1 This tribofilm gradually forms during the first 100,000 closing cycles or so and can completely protect the sealing surfaces of the valve. Once fully established, it also proved capable of protecting the surfaces for 10,000 closing cycles or more also without the addition of new tribofilm forming particles. Two types of tribofilms were observed, one type based on the oil additives, and one thicker based on carbon. It was found that the thinner (a couple of micrometres), well covering additive-based tribofilm type offered the best protection. The thicker, carbon-based tribofilms were quickly worn off once the oil particle supply was cut off. 13 These investigations 1,13 were performed using a valve rig that has proven able to mimic the same type of tribofilms that can be found on wellfunctioning components from field run engines. 2 Also in stationary gas engines, the valve recession has been demonstrated to be dependent on the oil additives, and that an appropriate lubricant additive package can help to extend the valve life. 7 Based on these investigations it is clear that even though the valve contact is not intentionally lubricated, oil residues find their way to the surfaces.
Under conditions where the oil residue tribofilms form, the net wear of the sealing surfaces come very close to zero. If new tribofilm forming particles keep arriving to the surfaces at a rate high enough to replenish worn off tribofilm, metal-to-metal contact can be completely avoided. The additive package could probably be tailored to control this relation but since the main role of the engine oil is not to protect the valves, such possibilities are limited.
Normally, engines are running without wear problem, meaning that the balance between tribofilm formation and wear keep the valves protected. However, the supply of oil residues is neither monitored nor controlled, which can result in a seemingly random occurrence of wear in stationary gas engines. Sometimes, one of the two exhaust valves in a cylinder shows substantial wear while the other shows no wear at all. This suggests that the wear problem for that engine is not related to the oil formulation but rather to an uneven addition of the tribofilm forming particles. One way to combat this seemingly random occurrence could be to design the contacting surfaces to reduce their sensitivity to variations in the access to tribofilm forming particles. The present work therefore investigates the effect of texturing the VSI surface to promote the capture and storage of oil residues on the valve sealing surfaces.
Methods and materials

Methods
Samples have been run in a test rig dedicated for combustion engine valves, previously used to show the importance of oil additive tribofilms for wear protection. [1] [2] 9, 13 In this rig, real combustion engine valves and VSIs are used as samples, keeping the contact situation as close to a real engine as possible. Heat is applied to the system by a resistive heater (operating temperature 750 C) and a hot air gun (about 300 l/min and 600 C). These give measured temperatures of about 540 C at the outer surface of the resistive heater (in contact with the valve head) and 170 C at the outside of the VSI. The closing force is 20 kN, corresponding to a combustion pressure of 160 bar. The operating frequency of the rig is 6 Hz, corresponding to an engine running speed of 720 r/min for a four-stroke engine. To simulate the environment in a real engine, engine oil is fed into the hot air flow at a rate of 0.2 ml/min. A schematic view of the rig set-up can be seen in Figure 1 . In this investigation, different surface textures were tested in two stages. In the first stage, the formation of tribofilms on the surfaces was evaluated by running the samples for 100,000 cycles with the addition of oil into the hot air flow. In the second stage, the first stage was repeated and then the samples were run for 20,000 additional cycles, without the addition of oil. This makes it possible to evaluate the wear resistance of the already established tribofilms. Before each test, the rig was pre-heated for 10 min to allow all parts to reach stable temperatures.
After the tests, the samples were analysed with scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS) to investigate the presence, coverage, thickness and elemental composition of any tribofilms as well as occurrence of wear of the valve or VSI. The full contact width was studied but the shown Figures 4 to 10 are from the middle of the contact. The SEM analysis was made at 3 and 
Materials
Real valves for heavy duty truck combustion engines were used as samples. The contacting surfaces of these parts are circular bands tilted 45 against the closing direction of the valve (see Figure 2) . The outer and inner diameters of the bands are 40 and 37 mm, respectively, resulting in a band width of 2.1 mm due to the tilt. There is a small mismatch in angle between the surfaces of about 0.2 . This causes the initial contact to be at the outer rim, but at maximum pressure the deformation of the valve head should cause almost the full band width to be in contact.
The valves are made mainly of austenitic stainless steel, but equipped with a Stellite F hard facing on the contacting surface. The VSIs are made of an ironbased metal (see Table 1 ).
All valve surfaces were similar, ground to an R a value of about 0.4 mm. The VSI surfaces were textured to provide five types of samples. This includes four types of turned surfaces, where the turning pattern creates valleys perpendicular to the sliding direction of the sealing interface between the valve and VSI. The depth and width of the valleys were varied to provide three types of surface textures (T1-3). An additional type (T4) was manufactured by overlaying deeper valleys with wider spacing onto one of the first types (T1). As a reference, one surface texture (G) was just ground to an R a value of about 0.5 mm, in the same direction as the valleys of the turned textures. The texture characteristics are given in Table 2 and the corresponding surface profiles are shown in Figure 3 . The topography was measured using white light interferometry.
The oil used in the tests was a fully formulated engine oil used in power production combustion engines. An analysis of the oil composition, including the elements usually found in tribofilms on valve surfaces, is presented in Table 3 . In addition to these elements, carbon and oxygen are also typically found in these tribofilms.
Results and discussion
Two types of tribofilms were found to form on the samples, one thicker, containing mostly carbon and one thinner, containing oxygen and elements from the oil additives -calcium, phosphorous, zinc and sulphur. These tribofilms closely resemble those found in a previous study. 13 Generally, the idea that the valleys can promote the capture and storage of oil residues seems to have worked for all the turned VSIs, as exemplified in Figures 4 and 5 . After 100,000 cycles the valleys were filled with tribofilm, mostly carbon-based, as thick as the valleys are deep (for this sample 2-3 mm). This filling of the valleys in effect smoothens the textured surface. On top of the ridges separating the valleys, a much thinner additive-based tribofilm has formed (for this sample 100-200 nm thick).
Interestingly, the texture patterns of the VSIs were also transferred to the corresponding valve surface. It was transferred in the form of a patterned distribution of the tribofilms. Less of the thicker carbon-based tribofilms were present on the valves (see Figure 6) . No cross-sections were made for any of the valve samples, but since the additive tribofilm is almost translucent at 10 kV acceleration voltage, it can be estimated to be thinner than 1 mm. The thicker carbon-based tribofilm is more visible at 10 kV and is probably at least a few micrometres thick, comparable to the tribofilm on the VSI in Figure 4 . Appearance of a turned VSI (T1) after 100,000 cycles with oil addition to the gas flow. Carbon-based tribofilm partly fills the valleys while thinner additive-based tribofilms partly cover the ridges. SEM image (10 kV) with exaggerated schematic view of surface texturing profile (left) and image superimposed with EDS maps (right). Red -carbon tribofilm, green -additive tribofilm, blue -VSI metal surface. Sliding direction of the counter surface as the valve closes is downwards. EDS: energy dispersive X-ray spectroscopy; SEM: scanning electron microscopy; VSI: valve seat insert. The carbon-and additive-based tribofilms were also found on the ground VSI and its corresponding valve surface. For this texture, the coverage was more random and less oil residues were stored in the texture (see Figure 7) .
After continuing the tests for another 20,000 cycles, without the addition of oil, some differences were noted between the turned VSIs (see Figure 8 ). The carbon-based tribofilm had flaked off at several positions for T1, T3 and T4, revealing the base metal. Cracks were visible across entire valleys, indicating that flakes as wide as the valleys can detach. Such flaking would be worst for T3 and T4 since these have the widest valleys. The difference between T1 and T2 is only the deeper valleys on T2, but for some reason the carbon films seem to stick better to T2. The deeper valleys also offer the positive ability to store more residues. Figure 7 . Ground VSI -G (left) and its corresponding valve surface (right) after 100,000 cycles with oil. SEM images (10 kV) with superimposed EDS maps to the right. Red -carbon tribofilm, green -additive tribofilm, blue -VSI/valve metal surface. Sliding direction of the counter surface as the valve closes is downwards. EDS: energy dispersive X-ray spectroscopy; SEM: scanning electron microscopy; VSI: valve seat insert. . Surface appearance of valve that was run against the turned VSI T2 for 100,000 cycles with oil followed by 20,000 cycles without. SEM image at 10 kV acceleration voltage (left) and image superimposed with EDS maps (right). Red -carbon, green -additivebased tribofilm, blue -valve metal surface. Sliding direction of the counter surface as the valve closes is downwards. EDS: energy dispersive X-ray spectroscopy; SEM: scanning electron microscopy; VSI: valve seat insert. Figure 10 . Ground VSI -G (left) and corresponding valve surface (right) after 100,000 cycles with oil followed by 20,000 cycles without. Sliding direction of the counter surface as the valve closes is downwards. SEM (3 kV). SEM: scanning electron microscopy; VSI: valve seat insert.
On the valve surfaces that were run against the turned VSIs, almost all of the thicker, carbon-based tribofilm was removed after the dry continuation. Contrastingly, the thin additive-based film was left, and there were no signs of wear of the valve metal (see Figure 9 ).
For the sample pair with the ground VSI, some wear is noticeable after the dry continuation, especially on the valve (see Figure 10 ). Both types of tribofilms were still present on the VSI, but not towards its outer rim. Correspondingly, the wear on the valve was concentrated towards this region.
Conclusions
Two types of tribofilms formed on the sealing surfaces, one thicker carbon-based and one thinner, additive-based. These were found on both the turned and the ground surfaces. The concept of producing turned valleys for capturing and storing oil residues worked well. Due to the repeated contact, the texture patterns were also transferred to the valve surface. When continuing tests without further addition of oil, the carbon-based tribofilms on some of the turned surfaces were prone to flaking off, with cracks found across the full width of the valleys. However, after the presently used test durations, no wear could be found on either the turned VSIs or their corresponding valves. Also the ground VSI captured oil residues and tribofilm were formed, but this film was removed towards the outer rim, when continuing the test without oil. This loss resulted in wear, especially on the valve side.
These promising results show that the turned textures have potential to improve the tribofilm stability in real engines, by storing oil residues. Ultimately this could reduce the seemingly random occurrence of excessive wear considered to be due to the sensitivity to variations in the access to tribofilm forming particles. Substantial optimisation is still needed, but this initial investigation indicates that the valleys should not be too wide, in order to reduce the tendency to tribofilm flaking if cracks form. For the two textures with the narrowest valleys (T1 and T2), the tribofilm tended to stick better in that with the deeper valleys (T2). Deeper valleys naturally also offer larger storage capacity.
